Additional index words. Capsicum annuum, mini-tunnel, drip irrigation, plastic mulch, stake, dry matter partitioning Abstract. Effects of staking, drip irrigation frequency and fertigated N rate on dry matter partitioning and yield of bell peppers (Capsicum annuum L.), grown using polyethylene mulch and mini-tunnels, were determined in two years. In the second year, which had higher early-season temperatures and more hours of direct sunlight, plants were larger, more productive and had larger fruit with thicker pericarps and a higher water content than in the first year. In both years, staked plants fertigated with 31.5 vs. 63 kg·ha -1 N produced higher yields due to increased fruit size and pericarp thickness. Compared with the response to monthly irrigation plus rainfall, additional irrigation applied when the soil moisture tension averaged below -25 and -20 kPa in the two years, respectively, affected yield only in the second year when it increased yield and the number of fruits produced by staked plants and decreased that of non-staked plants. Patterns of vegetative development and dry matter partitioning indicate that resources were remobilized from leaves to support fruit development. a split-plot design replicated in four blocks. Irrigation frequency and N fertigation treatments were applied to main plots and staking was applied to subplots. Each subplot was a section of raised bed with two rows of plants.
a split-plot design replicated in four blocks. Irrigation frequency and N fertigation treatments were applied to main plots and staking was applied to subplots. Each subplot was a section of raised bed with two rows of plants.
In the first year subplots had 14 plants and were 3.15 m long, and in the second year they had 18 plants and were 4.05 m long.
The field was prepared each year for transplanting by cultivation followed by the formation of raised beds that were 0.25 m high × 1.1 m wide and 1.8 m apart from center to center. A single line of drip irrigation tape (Typhoon 06-T20-.4; Netafim, Fresno, Calif.) was laid at the center of the beds before 1.5 m wide green polyethylene mulch (IRT-76; AEP Industries, South Hackensack, N.J.) was applied using a tractor-drawn applicator. The lateral irrigation line for each main plot treatment was connected to a valve manifold operated to selectively control the application of water and injected fertilizers.
'Bell Boy' pepper transplants were grown for 6 weeks in the greenhouse in trays with 100-mL cells. Transplanting was on 17 May 1991 and 13 May 1992. The plants were spaced 0.45 m apart within two staggered rows 0.45 m apart in each bed. For plants that were staked, 0.6-m-long bamboo stakes were inserted into the ground to a depth of 0.3 m next to each plant immediately after planting. Plant main stems were loosely attached to the stakes with twist-ties. All planted beds were then covered with a 2-mL clear polyethylene mini-tunnels supported by 0.8-m-tall wire hoops spaced 2 m apart. The tunnels were ventilated with two rows, 15 cm apart, of 15-cm slits spaced 1.5 cm apart. Starting in mid-June, ventilation was increased by raising the lower edge of one side of the tunnels 30 cm at every second hoop. The tunnels were removed in mid-July. On the day of tunnel removal, the branches of staked plants were supported in place along the outsides of the beds with nylon string attached 50 cm from the ground to bamboo stakes 1.5 m apart.
Fertilizer was applied through the drip irrigation system (fertigated) monthly according to the schedule in Table 1 . Application of 31.5 kg·ha -1 total N was achieved by applying NH 4 NO 3 to supply 1.70 kg·ha -1 N within a week of transplanting then alternating monthly rates to supply 4.25 and 8.50 kg·ha -1 N, with the lower rate applied when MgSO 4 , ZnSO 4 , and Solubor (U.S. Borax, Valencia, Calif.) were applied concurrently. The NH 4 NO 3 rates were doubled for the 63.0 kg·ha -1 total N treatment. Soil matric potential was measured twice weekly at a depth of 21-24 cm midway between two plants in a row in each subplot, using a tensiometer capped with a rubber serum stopper and measured using a Tensimeter (Soil Measurement Systems, Tucson, Ariz.) pressure sensor. Plots receiving high frequency (HF) irrigation were irrigated when the average soil matric potential measured was less than -25 kPa in the first year and -20 kPa in the second year. Plots receiving low frequency (LF) irrigation were irrigated monthly when fertilizers were applied ( Figs. 1 and 2) , except during the first 6 weeks after planting in 1992, when air temperatures Early and total yields of bell peppers can be increased with plastic mini-tunnels used early in the growing season (Alexander and Clough, 1998; Gaye et al., 1992a Gaye et al., , 1992b Wells and Loy, 1985) . This improved crop performance has been attributed to the higher-than-ambient tunnel air temperatures contributing to accelerated plant growth and development (Gerber et al., 1988; Maurer and Frey, 1987) . Another possible benefit of mini-tunnels is the shielding of plants from wind which induces stomatal closure and disturbs leaf display. In a study of the effects of a windbreak on peppers, protected plants were found to be larger and produce more or larger fruits (Monette and Stewart, 1987) .
In commercial pepper production, minitunnels are removed in midseason before tunnel air temperatures get so high as to cause plant stress. However, this sudden exposure of plants to wind often increases the drooping of fruit-laden branches, which reduces the light exposure of some leaves and fruit while increasing that of others. The degree to which this change in structure and exposure alters the developmental processes involved in fruit production, such as water relations, N utilization and dry matter partitioning, is not known. If branches are maintained in an upright position, then light exposure may not be disrupted.
The effect of staking on pepper production and how this practice particularly affects peppers grown initially in mini-tunnels are not well understood. In this study, the effects on yield and plant dry matter partitioning of staking to maintain plant structure after mini-tunnel removal were examined on plants grown under different irrigation and N fertigation regimes.
Materials and Methods
Two experiments were conducted in 1991 and 1992 at adjacent sites in the same field at Agassiz, B.C., Canada. The soil is a Monroe silt loam with 5.5% to 5.8% organic matter, classified as a Eutric Eluviated Brunisol. In the year before each planting, dairy manure was applied in the spring and a rye cover crop was seeded in mid-summer and incorporated by ploughing the following April. In south-coastal British Columbia, ≈1000 mm of water from rainfall percolates through the soil profile in the fall and winter (Zebarth et al., 1995) , leaching all nitrate-N from the soil rooting zone (Kowalenko, 1987) . Soil samples taken in March in each planting year contained 7-8 g·mL -1 extractable nitrate. Net N mineralization rate to 0.75-m depth in a similar but nonmulched soil at the same site varied from 0 to 1.0 kg·ha -1 /day of N during the growing season (Kowalenko, 1987) .
Treatments were a factorial combination of two drip irrigation frequencies, two N fertigation rates (31.5 and 63 kg·ha -1 total N per year), and plants cultured with and without staking. The eight treatments were applied in were unseasonably high and the young plants showed signs of stress. During this period, irrigation was applied to plots receiving LF irrigation when the measurements averaged below -50 kPa. All irrigations were for 1.5 h to provide 7.5 L of water per meter of bed, from emitters 30 cm apart. All plots received additional water from rain. Flowers on two plants per subplot were counted weekly and their corollas marked with a water-proof felt marker to avoid recounting the same flowers in the following week. Aboveground vegetative growth characteristics were determined from one plant, surrounded by guard plants, removed from each subplot every 8 weeks. These plants were partitioned into leaves and stems. The leaves were counted and their total area was measured using an area meter (LI-3000; LI-COR, Lincoln, Nebr.). The total dry weights of leaf and stem tissues were measured after they were oven-dried for 2 d at 60 °C. The total dry weight of immature fruit was also measured in the final plant harvest.
Red-ripe fruits were harvested at weekly intervals starting in late August in the first year, and in mid-September in the second year. Harvests continued through October in both years. At each harvest, the weight and number of fruits were determined separately for those marketable (≥100 g) and undersized (<100 g). Pericarp thickness, lobe number, and fruit diameter and length were determined for three marketable fruits selected at random from each subplot harvest. Pericarp thickness was measured at two locations midway between fruit septa and between the base (calyx end) and top of the fruit.
Ambient air temperature, rainfall and direct sunlight measurements were obtained from a weather station (Agassiz CDA; Environment Canada, Ottawa, Ont.) located ≈100 m from the study site. Treatment effects on all plant response variables were analyzed using analysis of variance for a split plot design. Data from the two experiments were analyzed separately because of the small difference in the HF irrigation treatment thresholds in the two years. HF irrigation was applied additionally between fertigations when the average soil matric potential measured was below -25 kPa. Vertical bars are ± SE.
Results and Discussion
Differences in the frequency and amount of rainfall in the two years resulted in differences in soil moisture status and in the number and timing of HF irrigations (Figs. 1 and 2). Frequent spring rainfall in 1991 delayed the need for the first HF irrigation until the second week of July. In 1992, the first HF irrigation was applied in early June. Lack of rain combined with high temperatures later in June 1992 resulted in mild wilting of the young plants in plots receiving LF irrigation, which was eliminated by irrigating at -50 kPa. August had more rainfall than average in 1991, but was followed by an unusually dry September and October. The air temperature, hours of direct sunlight, and amount of precipitation in late Summer and Fall 1992 were near average for the region. LF irrigations were applied six times in 1991 and nine times in 1992. HF irrigations were applied 18 times in 1991 and 20 times in 1992.
Higher ambient temperatures and more hours of direct sunlight in the first 8 weeks of 1992 (Fig. 2) , compared with 1991 ( Fig. 1) , were coincident with greater increases in leaf and stem dry weights and the number and total area of leaves across all treatments (Fig. 3 ). This period was followed by similar midseason weather in the two years, then warmer and sunnier late-season weather in 1991 than in 1992. Although it appears that there was better leaf retention in the final 8 weeks of 1991 than in 1992, measurements of vegetative growth remained higher through most of the 1992 growing season.
Treatment effects on vegetative development differed between the two years and were small compared with the apparent effect of climate in the first 8 weeks. In 1991, staking increased leaf initiation in midseason, resulting in 8% more leaves at 16 weeks from planting (Fig. 3) . However, these additional leaves were small since they had no significant effect on total leaf area or dry weight. After a It appears that fresh fruit yields were higher in 1992, due to more, larger, and heavier fruits with thicker pericarps and a higher moisture content (Tables 3 and 4) . These fruit characteristics did not respond to more frequent irrigation in1991, indicating that fruit development was not limited by soil moisture supply. Fruit development and moisture accumulation may have been enhanced by the larger leaf canopies in 1992 than in 1991. Reducing the exposure of developing pepper fruits to direct sunlight has been shown to increase fruit size (Rylski and Spigelman, 1986) .
Despite the apparent overall differences in vegetative development and yield between the two years, yield response to staking and N fertigation rate was consistent and similar to that of fruit dry weight. In 1991, total and marketable yields and the number of marketable fruit were improved with staking, and more so when 31.5 rather than 63 kg·ha -1 N was applied (Table 3 ). In 1992, these yield characteristics were improved with staking only when the lower N rate or more frequent irrigation was applied. In both years staking increased the length, pericarp thickness and individual weight of marketable fruits (Tables  3 and 4) . Staking also increased fruit diameter in 1992, and in 1991 when HF irrigation was applied. Staking alone and in combination period of leaf abscission in the final 8 weeks, plants with and without stakes had equal numbers of leaves.
Although LF irrigation resulted in soil matric potentials below -40 kPa at 21-24 cm depth within the crop row several times in both growing seasons (Figs. 1 and 2 ), more frequent irrigation had little effect on vegetative development. It increased leaf area and dry weight and stem dry weight only in the final 8 weeks of the 1991 growing season (Fig. 3) . This indicates either that pepper vegetative development is not strongly influenced by such low soil moisture levels, or that the crop accessed moister soil deeper in the profile or outside the crop row. Rainfall often significantly increased the soil moisture levels measured in the crop row, and may have provided substantial water outside the crop row, which continued to be accessed by the crop roots when in-row moisture was depleted. This non-irrigation supply of water may have been depleted when there was little rainfall in the final weeks of the 1991 growing season, so vegetative development responded to additional irrigation.
In 1992, vegetative growth measurements were higher by 16 weeks after planting when the higher N rate was applied together with LF irrigation (Fig. 3) . This may indicate that the high crop growth rate early in 1992 depleted soil N to levels that limited growth, and less frequent irrigation may have prevented or reduced N leaching or heat loss from the root zone. After significant loss of leaves in the final 8 weeks of the 1992 season, there were no treatment differences in measured vegetative characteristics.
Total dry matter produced per plant was similar in the two years ( Table 2 ). The total dry weight of marketable (≥100 g) fruit was also similar in the two years, but it appears that there was more dry matter in immature and undersized (<100 g) mature fruit in 1991 than in 1992. The mean percentage of total dry matter partitioned to fruit was 61% in 1991, which was similar to that found by Leskovar and Cantliffe (1993) , and 49% in 1992. In both years, staking reduced the total dry weight of undersized fruit and increased that of marketable fruit when the lower N rate was applied. In 1991, marketable fruit dry weight was increased more by staking when LF irrigation was applied, but in 1992 staking increased marketable fruit dry weight only when HF irrigation was applied. Other studies with irrigation treatments that supplemented rainfall have also found inconsistent or no effect on pepper production (Batal and Smittle, 1981; Haynes and Herring, 1981 ; O'Sullivan, 1979; VanDerwerken and Wilcox-Lee, 1988). HF irrigation was applied between fertigations when the average soil matric potential measured was below -20 kPa. To prevent wilting during plant establishment, three irrigations were applied in July to plots receiving LF irrigation when the average soil matric potential measured was below -50 kPa. Vertical bars are ± SE. with other treatments that improved yield and quality characteristics did not increase the number flowers produced in the first two or four weeks, or the total number of fruits per plant (Table 3) . These results indicate that staking enhanced fruit development but not flowering or set. The reduction in flowers produced later in the season in response to less N applied to staked plants may have resulted from a suppression of flowering by the higher crop load.
The lack of a positive yield response to increasing N fertigation from 31.5 to 63 kg·ha -1 N is consistent with several other studies that found peppers require low N fertilization rates for near maximum production (Carballo et al., 1994; Clark and Stanley, 1998; Hartz et al., 1993; Locascio and Stall, 1994; Madramootoo and Rigby, 1991; O'Sullivan, 1979; Qawasmi et al., 1999; Russo, 1991; Thomas and Heilman, 1964; Wiedenfeld, 1979) . However, it is unclear why staked plants were more productive when fertigated with the lower N rate. Competition for resources between fruit development and N-stimulated vegetative growth was not likely involved because additional N increased vegetative growth only in 1992 and regardless of staking (Fig. 3) . Staking may have helped to maintain favorable leaf orientation for light interception, increasing photosynthesis and carbon available to developing fruit. Although N nutrition is important for these processes (Hedge, 1987) , excess soluble N in the soil can increase soil osmotic potential to levels that lower leaf water potential, reducing stomatal conductance and carbon assimilation. Previous reports indicate that pepper plants may be particularly sensitive to excess soil N. Yield reductions in response to increasing N fertilization have been reported for rates in excess of, in kg·ha -1 , 70 (O'Sullivan, 1979), 120 (Thomas and Heilman, 1964) , 150 (Qawasmi et al., 1999) , 168 (Hartz et al., 1993) , 210 (Hochmuth et al., 1987) , 240 (Payero et al., 1990) , and 300 (Crespo-Ruiz et al., 1988) . This detrimental effect of excess N has been attributed to elevated soil electrical conductivity or salt levels (Hochmuth et al., 1987; Qawasmi et al., 1999) , and was found to be enhanced by reduced irrigation (Hochmuth et al., 1987) . Although sensitivity to elevated salt levels would explain the reduction in yield from applying additional N to staked plants, yield of plants not staked was generally improved by additional N (Table 3) . This suggests that staking may affect plant N utilization, water relations or other physiological processes that involve N supply and influence fruit development.
About half of the total N taken up by pepper plants is partitioned to fruit (Locascio et al., 1985; Miller et al., 1979; Olsen et. al., 1993) . The coincidence of leaf abscission with fruit enlargement in the final weeks, especially in 1992, indicates that pepper is similar to other crops that remobilize leaf N to support the lateseason, rapid development of tissues or organs such as flowering heads in broccoli (Brassica oleracea var. italica) (Bowen et al., 1999) and buds in brussels sprouts (Brassica oleracea var. gemmifera) (Booij and Meurs, 1994) . Pepper leaf N has been found to decrease during fruit enlargement, even when N fertilizer was applied at rates that maximize yield (Hartz et al., 1993; Miller et al., 1979; Thomas and Heilman,1964) . These results indicate that leaf N may be the primary source of N used in pepper fruit development. In this study, the higher number of leaves and greater total leaf area resulting from the higher rate of early plant growth in 1992 than in 1991 was coincident with enhanced fruit development. This may be because the leaf canopy was not only a source of C but a source of shade and remobilized N for developing fruit. Staking pepper plants to maintain canopy structure after mini-tunnel removal appears to enhance fruit development and quality, but its effect on yield can depend on the supply of N and water. 
